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High-resolution  electron  backscatter  diffraction  (EBSD)  was  used  to  examine  the  grain  structure  in  long 
rods  of  ultrafine-grain  (UFG)  commercial-purity  titanium  produced  for  medical  implants.  The  UFG  ma¬ 
terial  was  obtained  by  equal  channel  angular  pressing  (ECAP)  using  a  Conform  scheme  followed  by  rod 
drawing.  The  microstructure  was  found  to  be  bimodal  consisting  of  relatively  coarse  elongated  grains 
containing  well-developed  substructure  and  ultrafine  grains.  The  mean  grain  size  was  ~  0.3  pm,  and  the 
fraction  of  high-angle  boundaries  was  ~45%.  The  material  had  a  strong  <1010>-fiber  texture.  An  analysis 
of  the  microstructure-properties  relationship  showed  that  the  increase  in  material  strength  developed 
during  severe  plastic  deformation  resulted  from  grain  refinement  and  substructure  evolution  in  com¬ 
parable  measure. 

©  2015  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Due  to  excellent  biocompatibility,  commercial-purity  titanium  is  a 
very  attractive  material  for  orthopedic  and  dental  applications. 
However,  the  use  of  ordinary  coarse-grain  titanium  is  limited  by  its 
relatively  low  strength.  To  increase  its  strength  to  a  desirable  level,  a 
two-step  approach  has  been  developed  recently  [1-6].  The  method  is 
based  on  severe  plastic  deformation  (SPD)  and  typically  includes 
warm  equal-channel  angular  pressing  (ECAP)  followed  by  ether  cold 
rolling,  axisymmetric  extrusion,  or  rod  drawing.  The  strengthening 
developed  during  the  two-step  approach  is  commonly  accepted  to 
originate  from  extensive  grain  refinement  to  the  ultrafine  range.  To 
obtain  the  desired  properties  in  a  repeatable  fashion,  however, 
careful  microstructure  control  is  necessary. 

To  date,  microstructural  examinations  in  such  materials  have 
usually  been  performed  using  transmission  electron  microscopy 
(TEM)  and  x-ray  measurements  [1 -3,5,6].  These  investigations 
have  revealed  the  formation  of  a  fine-grain  structure  with  a  mean 
size  of  ~0.2  pm,  high  dislocation  density,  and  a  relatively-strong 
crystallographic  texture.  However,  several  important  character¬ 
istics  of  the  grain  structure,  in  particular  the  grain-boundary 
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character,  are  still  unclear,  thus  hampering  the  development  of 
quantitative  microstructure-property  relationships.  To  establish 
this  relationship,  high-resolution  electron-backscatter  diffraction 
(EBSD)  was  employed  in  the  present  work  for  a  thorough  char¬ 
acterization  of  the  severely-deformed  microstructure.  The  results 
of  these  measurements  were  used  to  elucidate  the  discrete  con¬ 
tributions  of  grain  refinement,  dislocations,  and  solid-solution 
elements  to  the  yield  strength. 


2.  Material  and  experimental  procedures 

The  material  used  in  the  present  investigation  was  commercial- 
purity  titanium  (CP  Ti)  Grade  4  whose  chemical  composition  is 
given  in  Table  1.  In  the  as-received  condition,  it  had  an  equiaxed 
grain  size  of  ~25  pm. 

The  program  material  was  subjected  to  ECAP  via  route  Bc  using 
a  Conform  scheme  [6,7].  This  technique  enables  the  production  of 
an  ultrafine  microstructure  in  billets  of  long  length  (to  several 
meters)  and  is  suitable  for  commercial-production  applications.  In 
the  present  investigation,  ECAP-Conform  was  performed  on  sam¬ 
ples  measuring  11  x  11  mm2  in  cross  section  and  500  mm  length 
at  250  °C  to  an  accumulated  true  strain  of  ~4.2  (6  passes)  using  a 
die  with  a  120°  square  channel.  The  ram  speed  was  33  mm/s.  After 
ECAP,  the  material  was  drawn  at  200  °C  to  a  total  area  reduction  of 
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Table  1 

Chemical  composition  (wt%)  of  the  program  material. 


Ti 

Fe 

C 

O 

N 

H 

Balance 

0.16 

0.046 

0.33 

0.005 

0.0034 

Table  2 

Details  of  EBSD  measurements. 


Scan  step  size  (|im) 

Map  size  (|im2) 

Number  of  pixels 

Number  of  grains 

Longitudinal  section 

0.15 

180  x 160 

1,478,169 

18,305 

0.05 

75x75 

2,600,367 

18,270 

0.05 

65x50 

1,502,751 

14,438 

Transverse  section 

0.05 

57x55 

1,449,355 

15,472 

~76%  at  a  speed  of  60  mm/s  using  a  die  with  an  included  angle  of 
12°.  The  total  area  reduction  was  achieved  using  5  passes  of  ~20% 
each.  By  this  means,  a  finished  rod  with  a  diameter  of  6  mm  was 
obtained.  Additional  details  of  the  SPD  process  are  summarized 
elsewhere  [6]. 

Microstructure  characterization  was  performed  primarily  by 
EBSD.  To  provide  a  3-dimensional  view  of  the  grain  structure, 
samples  were  cut  from  both  longitudinal  and  transverse  cross 
sections  of  the  final  rods.  EBSD  specimens  were  prepared  using 
conventional  metallographic  techniques  followed  by  long-term 
(24  h)  vibratory  polishing  with  a  colloidal-silica  suspension.  In  all 
cases,  microstructural  observations  focused  on  the  central  part  of 
the  rods.  EBSD  analysis  was  conducted  with  a  JSM-7800  F  field- 
emission  gun,  scanning  electron  microscope  (FEG-SEM)  equipped 
with  a  TSL  OIM™  EBSD  system.  To  examine  the  microstructure  at 
different  length  scales,  EBSD  maps  were  acquired  with  a  scan  step 
size  of  0.05  or  0.15  pm  (Table  2).  For  each  diffraction  pattern,  nine 
Kikuchi  bands  were  used  for  indexing,  thus  minimizing  the  pos¬ 
sibility  of  errors.  To  improve  the  reliability  of  the  EBSD  data,  grains 
comprising  three  or  fewer  pixels  were  automatically  cleaned  from 
the  maps  using  the  grain-dilation  option  in  the  TSL  software. 
Furthermore,  to  eliminate  spurious  boundaries  caused  by  or¬ 
ientation  noise,  a  lower-limit  boundary  misorientation  cut-off  of 
2°  was  used.  A  15°  criterion  was  applied  to  differentiate  low-angle 
boundaries  (LABs)  and  high-angle  boundaries  (HABs). 

Because  real  microstructures  sometimes  exhibit  a  complex 
mixture  of  LABs  and  HABs,  confusion  can  arise  with  regard  to  the 
definition  of  grains.  To  avoid  this  ambiguity,  the  term  “grain”  in 
the  present  work  was  applied  to  denote  a  crystallite  bordered  by  a 
continuous  HAB  perimeter. 

Two  approaches  were  used  to  quantify  the  grain  size  per  se.  The 
first  was  the  classical,  linear-intercept  method.  Because  this  techni¬ 
que  does  not  account  for  the  volume  fraction  of  grains  with  different 
sizes,  the  so-called  grain-reconstruction  method  was  also  applied  [8]. 
In  this  technique,  the  grain  size  is  quantified  by  the  measured  grain 
area  (in  a  2-dimensional  section)  and  the  calculation  of  the  equiva¬ 
lent  grain  diameter  assuming  each  grain  as  a  circle. 


3.  Results 

3.1.  Microstructure  observations 

Longitudinal  and  transverse  EBSD  inverse-pole-figure  (orientation) 
maps  revealed  the  grain  structure  developed  during  ECAP/rod  draw¬ 
ing  (Fig.  1).  In  the  maps,  LABs  and  HABs  are  depicted  by  white  and 
black  lines,  respectively. 


At  relatively-low  magnification  (Fig.  la),  the  microstructure 
appeared  to  consist  primarily  of  relatively-coarse,  elongated  grains 
aligned  with  the  drawing  direction.  The  grain  length  often  ex¬ 
ceeded  25  pm,  whereas  the  thickness  was  only  several  microns.  By 
and  large,  the  grain  shape  mirrored  the  deformation  imposed 
during  the  rod-drawing  steps  of  the  process,  thereby  suggesting 
that  the  observed  grain  structure  probably  originated  from  the 
geometric  effect  of  strain  per  se. 

At  much  higher  magnification  (Fig.  lb,  c),  on  the  other  hand,  it 
was  evident  that  the  microstructure  also  contained  fine  grains 
(  <  1  pm)  and  was  thus  somewhat  bimodal  in  nature.  The  higher- 
magnification  EBSD  results  also  indicated  that  the  coarse  elon¬ 
gated  grains  contained  developed  substructure.  In  this  sub¬ 
structure,  some  sub-boundary  segments  exhibited  misorientations 
above  15°  (e.g.,  boundaries  indicated  by  arrows  in  Fig.  lb  and  c), 
thus  suggesting  a  gradual  LAB-to-HAB  transformation  during 
straining.  Furthermore,  in  some  locations,  the  deformation-in¬ 
duced  HABs  delimited  microstructural  entities  almost  completely 
(areas  indicated  by  rectangles  in  Fig.  lb  and  c);  such  features  also 
appeared  to  indicate  a  gradual  transition  from  subgrains  to  grains. 

In  terms  of  morphology  and  dimensions,  the  partially-trans¬ 
formed  subgrains  were  broadly  similar  to  the  typical  fine  grains 
observed  elsewhere  in  the  microstructure.  These  observations 
thus  indirectly  indicate  that  grain  refinement  probably  occurred 
via  continuous  dynamic  recrystallization.  Considering  the  rela¬ 
tively-low  processing  temperature  ( ~  0.24Tm,  where  Tm  is  melting 
point),  this  hypothesis  is  reasonable.  Nevertheless,  its  confirma¬ 
tion  requires  more-detailed  examination  of  microstructure  evo¬ 
lution  at  different  levels  of  accumulated  strain. 

It  was  also  found  that  the  fine  grains  were  not  distributed 
randomly  throughout  the  microstructure  but  tended  to  cluster 
near  original  grain  boundaries  (Fig.  lb  and  c).  The  preferential 
grain  refinement  in  these  areas  was  surmised  to  be  associated 
with  relatively  high  local  strains  generated  at  grain  boundaries. 

3.2.  a  -+GO  martensitic  phase  transformation 

It  has  been  reported  that  SPD  at  relatively  high  imposed  levels 
of  stress  (order  of  several  GPa)  may  induce  an  a^co  martensitic 
phase  transformation  in  titanium  [9-12].  For  the  rod  processed  by 
ECAP/drawing  in  the  present  effort,  EBSD  measurements  (Fig.  2) 
revealed  the  presence  of  a  very  small  fraction  ( ~3.5  vol%)  of  the  co 
phase.  The  oo  phase  comprised  fine  (~0.15  pm)  nearly-equiaxed 
particles  along  grain  boundaries  in  the  a  phase  (Fig.  2).  Therefore, 
the  a^co  phase  transformation  did  appear  to  make  a  contribution, 
albeit  small,  to  the  formation  of  the  fine-grain  microstructure 
shown  in  Fig.  lb  and  c.  However,  the  a  and  co  phases  have  similar 
hexagonal  crystal  structures  and  thus  mis-indexing  could  have 
occurred  during  EBSD  analysis.  Therefore,  additional  study  is  ne¬ 
cessary  to  verify  these  observations. 

Assuming  the  Orowan  mechanism,  the  magnitude  of  the 
strength  increment  due  the  omega  phase  was  estimated  to  be  very 
small  (i.e.,  ~  10  MPa),  and  thus  it  was  ignored  in  the  present  work. 

3.3.  Grain  size  of  the  a  phase 

The  size  of  the  a  grains  quantified  by  the  linear-intercept  and 
grain-reconstruction  methods  revealed  some  noticeable  differ¬ 
ences  (Fig.  3a  and  b).  For  the  linear-intercept  approach,  only  the 
grain  thickness  was  measured,  i.e.  the  HAB  spacing  in  a  direction 
perpendicular  to  the  axis  of  the  drawn  rod. 

The  mean  grain  size  of  the  a  phase  measured  by  the  intercept 
method  was  ~  0.4  pm  in  the  longitudinal  cross  section  and 
~0.3  pm  in  the  transverse  section  (Fig.  3a).  Therefore,  the  grain 
size  of  the  ECAP/drawn  rod  fit  the  typical  definition  for  ultrafine- 
grain  materials.  When  all  of  the  EBSD-detected  boundaries  (i.e., 


2 

Distribution  A.  Approved  for  public  release  (PA):  distribution  unlimited. 


G.S.  Dyakonov  et  al.  /  Materials  Science  Of  Engineering  A  648  (2015)  305-310 


307 


Fig.  1.  Selected  portions  of  EBSD  inverse-pole-figure  maps  for  the  radial  direction  showing  the  microstructure  in  (a,  b)  longitudinal  and  (c)  transverse  cross  sections  of  the 
severely-deformed  final  rod.  In  the  maps,  LABs  and  HABs  are  depicted  as  white  and  black  lines,  respectively.  For  simplicity,  only  HABs  are  shown  in  (a). 


those  with  misorientations  above  2°)  were  included  in  the  analy¬ 
sis,  the  mean  intercept  length  was  determined  to  be  ~0.15  pm. 
This  value  is  very  close  to  that  based  on  TEM  observations  reported 
in  literature  [1 -3,5,6]. 

It  should  be  stressed  that  the  volume  fraction  of  coarse  grains 
(  >  1  pm)  was  high  (Fig.  3b).  Not  surprisingly,  the  area  fraction  of 
such  grains  measured  in  longitudinal  cross  section  was  sub¬ 
stantially  higher  than  that  observed  in  the  transverse  section  (i.e., 
78%  vs  54%).  This  observation  can  be  rationalized  on  the  basis  of 
the  preferential  concentration  of  fine  grains  along  the  boundaries 
of  the  coarse  elongated  grains  (Fig.  lb  and  c).  Indeed,  due  to  the 
elongated-shape  of  the  coarse  grains,  the  specific  area  of  their 
boundaries  in  transverse  cross  sections  should  be  larger  than  in 
longitudinal  sections.  Correspondingly,  the  volume  fraction  of  fine 
grains  should  appear  relatively  high  in  transverse  sections  as  was 
observed. 


3.4.  Texture  of  the  a  phase 

The  EBSD  orientation  data  for  the  a  phase  were  used  to  derive 
an  inverse  pole  figure  for  the  drawing  direction  (Fig.  4).  These 
results  indicated  that  a  strong  texture  consisting  of 
<1010  >  II drawing  axis  (i.e.,  a  <10i0>-fiber  texture)  had  been 
formed.  This  observation  agrees  well  with  x-ray  measurements  of 
the  same  material  [6]  and  is  as  expected  for  cold-drawn  a  titanium 
[13]. 

The  critical  resolved  shear  stress  for  plastic  deformation  of  a 
titanium  is  lowest  for  prism  slip  ({1010}  <  1120>),  intermediate 
for  basal  slip  ([0001]  <  1120>),  and  highest  for  pyramidal  <c+a) 
slip.  Thus,  the  development  of  an  ideal  <1 01 0>-fiber  texture  in¬ 
dicated  that  on  average  2  of  the  3  prism  slip  planes/systems  were 
likely  activated  symmetrically  in  most  of  the  crystallites  (relative 
to  the  drawing  direction),  thereby  leading  to  a  stable  orientation 
for  most  of  the  grains,  for  which  the  Schmid  factor  would  be 


Fig.  2.  Selected  portion  of  an  EBSD  map  for  the  alpha  (white)  and  omega  (red)  phases  taken  from  the  longitudinal  cross  section  of  severely-deformed  rod.  In  the  map,  LABs 
and  HABs  are  depicted  as  red  and  black  lines,  respectively.  (For  interpretation  of  the  references  to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this 
article.). 
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Fig.  3.  Grain-size  distributions  for  the  a  phase:  (a)  Grain-intercept  thickness  and  (b)  equivalent  grain  diameter. 
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Fig.  4.  Inverse  pole  figure  for  the  drawing  direction  showing  the  crystallographic 
orientations  of  the  a  phase. 

V3  / 4T.  For  such  a  strong  crystallographic  and  mechanical  texture, 
the  strain  compatibility  requirements  along  the  longitudinal 
boundaries  of  the  coarse  elongated  grains  may  have  been  relaxed, 
and  the  requirement  for  <c+a)  slip  or  twinning  to  accommodate 
the  radial  compressive  strain  during  drawing  could  have  been 
reduced.  Thus,  the  driving  force  for  grain  subdivision  would  have 
been  expected  to  be  low  as  well.  In  reality,  however,  the  measured 
texture  was  characterized  by  an  orientation  spread  (Fig.  4),  and 
some  degree  of  strain  incompatibility  would  have  developed 
across  the  longitudinal  boundaries.  This  inhomogeneity  was 
probably  one  of  the  possible  sources  of  the  observed  grain  re¬ 
finement  (Fig.  lb  and  c).  Nevertheless,  the  formation  of  the  strong 
<10l0>-fiber  texture  would  have  retarded  the  refinement  process 
and  resulted  in  the  retention  of  the  relatively-high  volume  fraction 
of  coarse,  elongated  grains  found  in  the  material  (Fig.  3b). 

In  addition  to  the  <10i0>-fiber  texture,  a  minor  fraction  of  a 
<2ii0>-fiber  was  also  observed  (Fig.  4).  This  texture  component 
was  found  to  predominate  in  the  oo  phase.  Therefore,  its  detection 
in  the  a  phase  may  have  resulted  from  indexing  errors  during 
EBSD  mapping.  Due  to  the  very  low  volume  fraction  of  this  texture 
component  (  <  1  pet.,  Fig.  4),  its  influence  on  material  strength  was 
likely  minimal,  and  thus  was  ignored. 

3.5.  Misorientation  distribution  of  the  a  phase 

Misorientation  distributions  measured  in  both  cross  sections 
were  found  to  be  broadly  similar  to  each  other.  For  the  sake  of 
brevity,  therefore,  only  misorientations  measured  for  the  long¬ 
itudinal  section  are  shown  in  Fig.  5. 


1  The  measured  average  Schmid  factor  for  prism  slip  was  0.45 


The  misorientation-angle  distribution  was  dominated  by  a  low- 
angle  peak  (Fig.  5a).  It  should  be  noted  the  LABs  were  pre¬ 
ferentially  concentrated  within  the  relatively-coarse  elongated 
grains  (Fig.  lb).  Therefore,  the  observed  low-angle  maximum  was 
likely  attributable  to  the  relatively  slow  LAB-to-HAB  transforma¬ 
tion  kinetics  (as  discussed  in  Section  3.4)  rather  than  the  sharp 
fiber  texture  (Fig.  4).  As  expected,  the  HAB  fraction  in  the  trans¬ 
verse  section  was  larger  than  that  in  the  longitudinal  section  (45% 
vs.  39%)*.  With  the  exception  of  the  low-angle  maximum,  the 
misorientation-angle  distribution  was  relatively  smooth  with  no 
significant  peaks.  In  addition,  almost  no  twin  misorientations  were 
found.  This  observation  indicated  that  twinning  was  likely  not 
operative  during  the  final  drawing  step.  Even  if  twins  had  formed 
at  low  strains,  subsequent  deformation  would  have  destroyed  the 
twin  relationship. 

In  contrast  to  the  misorientation-angle  distribution  per  se,  the 
misorientation-axis  distribution  was  somewhat  complex.  Exclud¬ 
ing  the  LABs,  the  axes  were  clustered  near  <10l0>,  <21 1 0>, 
<0001  >,  and  <4131  >  (Fig.  5b).  In  particular,  the  clustering  of 
misorientation  axes  near  the  <10l0>  and  <211 0>  poles  was  ob¬ 
served  for  almost  the  entire  misorientation  range  (Fig.  5b).  It  is 
likely  therefore  that  this  effect  was  associated  with  the  develop¬ 
ment  of  the  <10l0>-  and  <2ll0>-fiber  textures  (Fig.  4).  For  ex¬ 
ample,  the  formation  the  <10l0>-fiber  texture  implies  that  the 
grains  with  <1010  >  // drawing  axis  were  rotated  arbitrarily  about 
the  drawing  direction. 

The  cluster  near  <0001)  mainly  comprised  HABs  with  15°-30° 
misorientations  (Fig.  5b).  As  shown  previously  [14,15],  this  effect 
in  severely  deformed  a  titanium  may  be  attributed  to  dislocation 
boundaries  originating  from  predominantly  prism  slip.  The  cluster 
of  rotation  axes  near  <4131  >  was  produced  by  the  HABs  with 
highest  possible  misorientations  (Fig.  5b).  Their  origin  is  not  clear 
and  requires  additional  study. 


4.  Discussion 

EBSD  measurements  enabled  the  detailed  characterization  of 
the  grain  structure  in  UFG  titanium.  Based  on  these  data  (and 
pertinent  results  in  the  published  literature),  the  specific  con¬ 
tribution  of  various  mechanisms  to  the  overall  strength  of  UFG 
titanium  have  been  quantified  and  are  discussed  in  this  section. 

Assuming  that  different  strengthening  mechanisms  act  in¬ 
dependently  and  thus  are  additive  in  nature,  the  yield  strength  can 
be  expressed  as  the  following: 


*  In  some  respects,  the  criterion  for  the  LAB-to-HAB  transition  is  subjective. 
Assuming  a  10°  criterion  for  differentiation  of  LABs  and  HABs,  the  HAB  proportion 
was  52%  in  the  longitudinal  section  and  62%  in  the  transverse  section. 
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Fig.  5.  Typical  distributions  of  (a)  misorientation  angle  and  (b)  misorientation  axis. 


c  =  Oq  +  eg  +  °s  (1) 

in  which  a0,  ag,  and  as  denote  the  friction  stress,  the  grain- 
refinement  strengthening,  and  the  strength  increment  due  to 
substructure,  respectively. 

4A.  Friction  stress  due  to  solid-solution  strengthening 

In  commercial-purity  titanium,  the  friction  stress  is  dominated 
by  solid-solution  strengthening,  which  in  turn  is  controlled  by  the 
content  of  the  interstitial  solutes  oxygen,  nitrogen,  and  carbon 
[13].  The  total  interstitial  content  is  sometimes  converted  to  an 
oxygen  equivalent  via  simple  summation  of  the  fractions  of  these 
elements.  For  the  present  material,  the  oxygen  equivalent  was 
-0.4  wt%  (Table  1)  or  -1  at%.  At  ambient  temperature,  the  fric¬ 
tion  stress  for  this  level  of  interstitials  was  estimated  to  be  ap¬ 
proximately  425  MPa  [13]. 

4.2.  Grain-boundary  strengthening 

The  strength  increment  associated  with  grain  boundaries  was 
described  using  the  conventional  Hall-Petch  (HP)  relation.  How¬ 
ever,  because  of  the  bimodal  nature  of  the  grain  microstructure 
(Fig.  lb,  c),  the  total  HP  strength  was  formulated  as  the  sum  of  the 
contributions  from  the  coarse  grains  (<rCG)  and  the  fine  grains  (<7FG), 
i.e. 

ag  ~  °CG  +  °FG  =  khtplfcG  dCG5  +  0  -fCG)dFG5]  (2) 

Here,  kHP  is  Hall-Petch  constant  ( —  0.3  MPa  x  m05  at  ambient 
temperature  [13]),  fCG  is  volume  fraction  of  the  coarse  grains 
(0.54),  and  dCG  and  dFG  denote  the  mean  thicknesses  of  the  coarse 
and  fine  grains,  respectively  (i.e.,  1.7  pm  and  0.3  pm,  respectively). 
The  calculated  grain-boundary  strengthening  is  shown  in  Table  3. 

It  should  be  pointed  out  that  the  Hall-Petch  constant  kHP  used 
in  the  present  calculations  (0.3  MPa  x  m05)  was  obtained  for 
coarse-grain  titanium  [13],  which  is  prone  to  mechanical  twinning. 


Table  3 

Contribution  of  strengthening  mechanisms. 


Predicted  strengthening  (MPa) 

Measured  yield  strength 
(MPa)  [6] 

Friction 

stress 

HABs  Dislocations 

LABs  Total 

425 

340  146 

311  1222 

1190 

Twinning  is  believed  to  reduce  kHP  in  commercial-purity  titanium 
[16].  In  the  present  UFG  material,  however,  twinning  was  sup¬ 
pressed,  and  thus  the  grain-boundary  strengthening  may  be  larger 
than  that  predicted  above  (Table  3).  For  instance,  for  a  Hall-Petch 
constant  of  0.4  MPa  x  m05,  the  strength  increment  would  be 
-450  MPa. 

4.3.  Substructure  strengthening 

Substructure  strengthening  results  from  free  (mobile)  disloca¬ 
tions  as  well  as  low-angle  (dislocation-)  boundaries  within  the 
grains  defined  by  HABs.  It  can  thus  be  expressed  as  the  following 

°s  =  °d  +  °LAB  (3) 

Dislocation  strengthening  is  usually  described  by  the  classic 
Taylor  relation: 

od  =  MaGbp05  (4) 

Here,  M  is  the  Taylor  factor,  a  is  a  constant  of  the  order  of  0.1  - 
0.5  [13]  (taken  to  be  0.15  in  the  present  work),  G  denotes  the  shear 
modulus  of  titanium  (— 40GPa),  b  is  the  Burgers  vector 
(  =  0.295  nm  for  <  a  >  dislocations),  and  p  is  the  density  of  free 
dislocations. 

As  mentioned  above,  the  critical  resolved  shear  stress  for  the 
different  slip  systems  in  hep  titanium  varies  considerably,  and  thus 
the  evaluation  of  the  Taylor  factor  can  be  challenging.  However,  in 
light  of  the  relaxed  degree  of  constraint  due  to  the  formation  of  an 
elongated  grain  structure  with  a  sharp  <1010>-fiber  texture,  the 
material  flow  along  the  drawing  direction  is  dominated  by  prism 
slip,  as  discussed  in  Section  3.4.  For  uniaxial  tension  along  the 
drawing  axis  and  the  predominance  of  the  prism  slip,  the  mean 
Taylor  factor  was  calculated  to  be  2.6. 

The  heavily-deformed  titanium  was  characterized  by  large  in¬ 
ternal  stresses,  and  thus  the  direct  measurement  of  the  dislocation 
density  p  was  not  possible.  Nevertheless,  recent  x-ray  estimates 
have  suggested  that  it  may  be  as  high  as  — 1015  m-2[6].  Hence,  p 
was  taken  to  be  — 1015  m-2  in  the  present  work. 

In  contrast  to  HABs,  low-angle  (dislocation)  boundaries  are 
assumed  to  be  penetrable  by  slip  and  thus  contribute  to  the  overall 
strength  via  forest-like  hardening.  In  such  cases,  the  strengthening 
contribution  of  LABs  is  given  by  the  following  relation  [17]: 

°ukb  —  (MaGyl3bo[fflf)  x  dSG5  (5) 

in  which  denotes  the  mean  LAB  misorientation,  /  is  the 
LAB  fraction,  and  dsc  is  the  mean  subgrain  size.  Unfortunately, 
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EBSD  cannot  reliably  detect  misorientations  below  2°,  therefore, 
accurate  measurement  of  these  three  characteristics  is  difficult. 
Neglecting  very  low-angle  boundaries,  however,  the  mean  LAB 
misorientation  was  found  to  be  7°  (0.122  rad);  the  LAB  fraction  was 
0.55,  and  the  mean  subgrain  size  was  0.15  \xm.  It  should  be  pointed 
out  that  the  present  method  tends  to  lead  of  course  to  an  over¬ 
estimate  of  the  strengthening  associated  with  LABs. 

The  calculated  strength  increments  associated  with  disloca¬ 
tions  and  LABs  are  listed  in  Table  3. 

4.4.  Microstructure-strength  relationship 

Table  3  summarizes  the  contributions  of  the  different 
strengthening  mechanisms  to  the  yield  strength  of  the  final  pro¬ 
duct  produced  by  ECAP+ drawing.  Summing  these  values  resulted 
in  a  yield-strength  prediction  very  close  to  the  measured  value. 

The  calculations  in  Table  3  also  revealed  that  substructure 
strengthening  is  comparable  in  magnitude  to  that  due  to  the  Hall- 
Petch  effect.  The  relatively-low  HAB  strengthening  can  rationa¬ 
lized  on  the  basis  of  the  retention  of  a  significant  volume  fraction 
of  coarse  grains  in  the  microstructure  (Figs,  la,  3b)  and  suggests 
that  the  already  high  strength  level  achieved  in  the  present  UFG 
titanium  can  be  further  improved.  Nevertheless,  the  results  do 
indicate  that  the  creation  of  well-developed  substructure  may  be 
sufficient  to  impart  a  desirable  modicum  of  strength  to  commer¬ 
cial-purity  titanium.  That  is  to  say,  there  may  be  no  need  to 
complete  the  LAB-to-HAB  transformation. 


5.  Summary 

High-resolution  EBSD  was  applied  to  examine  the  grain  struc¬ 
ture,  texture,  and  misorientation  distribution  developed  in  ultra- 
fine-grain,  commercial-purity  titanium  for  biomedical  applica¬ 
tions.  The  material  was  produced  using  a  two-step  approach  in¬ 
volving  ECAP-Conform  at  250  °C  to  a  total  true  strain  of  4.2  fol¬ 
lowed  by  drawing  at  200°C  to  an  area  reduction  of  76%.  The  main 
conclusions  from  this  work  are  as  follows. 

(1)  The  final  grain  structure  was  bimodal  consisting  of  relatively- 
coarse  ( >  1  pm)  heavily-deformed,  elongated  grains  sur¬ 
rounded  by  necklaces  of  fine,  equiaxed  grains.  Although  the 
mean  grain  thickness  was  ~0.3  pm,  the  microstructure  was 
characterized  by  a  relatively-large  volume  fraction  (  >  55%)  of 
retained  coarse  grains.  Assuming  a  15°  criterion  to  differ¬ 
entiate  LABs  and  HABs,  the  HAB  fraction  was  found  to  be 
-45%. 

(2)  Texture  was  dominated  by  a  strong  <1010>-fiber.  This  texture 
was  deduced  to  retard  the  grain-refinement  process. 

(3)  The  formation  of  the  observed  microstructure  was  hypothe¬ 
sized  to  be  attributable  to  the  geometric  effect  of  strain  and 
continuous  dynamic  recrystallization.  No  significant  evidence 
of  twinning  was  found.  On  the  other  hand,  it  is  possible  that  a 
small  volume  fraction  of  the  material  (-3.5%)  had  undergone 
an  a  ->  oo  martensitic  phase  transformation. 

(4)  The  contribution  of  substructure  strengthening  (due  to 


dislocations  and  LABs)  to  the  final  material  strength  developed 
during  SPD  was  found  to  be  comparable  to  that  due  to  the 
formation  of  a  UFG  microstructure. 
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